Catechol-O-methyltransferase (COMT; E.C. 2.1.1.6) is a ubiquitous enzyme in nature that plays an important role in the metabolism of catechol neurotransmitters and xenobiotics. In particular, inactivation of drugs such as L-3,4-dihydroxyphenylalanine (L-DOPA) via O-methylation is of relevant pharmacological importance, because L-DOPA is currently the most effective drug used in the treatment of Parkinson's disease. This justified the interest in developing COMT inhibitors as potential adjuncts to L-DOPA therapy. The kinetics of inhibition by BIA 3-335 (1-[3,4-dihydroxy-5-nitrophenyl]-3-(N-3Ј-trifluormethylphenyl)-piperazine-1-propanone dihydrochloride) were characterized using recombinant rat soluble COMT. BIA 3-335 was found to act as a potent, reversible, tight-binding inhibitor of COMT with a K i of 6.0 Ϯ 1.6 nM and displaying a competitive inhibition toward the substrate binding site and uncompetitive inhibition toward the S-adenosyl-L-methionine (SAM) binding site. The 2.0-Å resolution crystal structure of COMT in complex with its cosubstrate SAM and a novel inhibitor BIA 3-335 shows the atomic interactions between the important residues at the active site and the inhibitor. This is the first report of a threedimensional structure determination of COMT complexed with a potent, reversible, and tight-binding inhibitor that is expected to have therapeutic applications.
Catechol-O-methyltransferase (COMT; EC 2.1.1.6) catalyzes the methylation of small molecules containing a catechol structure, being responsible for the elimination of catechol-based neurotransmitters, catechol steroids, and xenobiotic catechols (Lautala et al., 2001) . In humans and laboratory animals, COMT is present in all tissues studied (Lundström et al., 1995) ; highest activities are found in liver, kidney, and gastrointestinal tract (Mä nnistö et al., 1992; Mä nnistö and Kaakkola, 1999) . It is present as membranebound and soluble (S-COMT) forms, both encoded by a single gene using different promoters and translational regulation Tenhunen et al., , 1994 . Both forms are present in practically all tissues in which S-COMT is the predominant form (Rivett et al., 1983; Karhunen et al., 1994; Ding et al., 1996) , except in human brain, where membrane-bound COMT dominates (Tenhunen et al., , 1994 . Both the rat and human S-COMT have 221 amino acids with molecular masses of 24.7 and 24.4 kDa, respectively, and share 81% amino acid sequence identity (Salminen et al., 1990; Lundström et al., 1991) . The resolution of the atomic structure and sequence comparisons revealed that all residues important for the binding of substrates and for the catalytic site are conserved in human and rat S-COMT (Vidgren et al., 1994; Lotta et al., 1995) .
The main clinical interest in COMT results from the possibility of using COMT inhibitors as adjuncts in the therapy of Parkinson's disease with L-3,4-dihydroxyphenylalanine (L-DOPA) Kaakkola, 1989, 1990 ). This disease is characterized by progressive degeneration of the dopaminergic nigrostriatal pathways; at present, the most effective therapy is dopamine replacement with L-DOPA plus a peripheral aromatic L-amino acid decarboxylase inhibitor. Under these circumstances, the methylation of L-DOPA becomes the major metabolization route in the periphery and only 5 to 10% of administered L-DOPA reaches the brain (Mä nnistö and Kaakkola, 1990) . The inhibition of COMT would increase the bioavailability of L-DOPA, prolong its half-life, and decrease the formation of 3-O-methyl-L-DOPA. These effects are indeed observed when tolcapone (Zü rcher et al., 1990) and entacapone (Mä nnistö et al., 1988) , two tight-binding COMT inhibitors, were administered to human volunteers (Bonifati and Meco, 1999) . Both inhibitors were also shown to enhance and extend the therapeutic effect of L-DOPA in patients with advanced and fluctuating Parkinson's disease (Rajput et al., 1997; Waters et al., 1997; Rinne et al., 1998) . Furthermore, COMT inhibition led to some cognition-improving effects (Gasparini et al., 1997) and, in animal models of depression, some beneficial effects were also observed (Mä nnistö et al., 1995; Moreau et al., 1994) . The three-dimensional structure of the COMT in complex with these inhibitors has never been reported. The only structure available is the one of COMT complexed with SAM and 3,5-dinitrocatechol (Vidgren et al., 1994) , which, however, has no therapeutic application (Bonifati and Meco, 1999) .
BIA 3-335 ( Fig. 1 ) is a novel, highly selective, and potent COMT inhibitor that has been synthesized to preferentially act as a peripheral inhibitor (Learmonth and Soares-daSilva, 2002) . Here, we report on the kinetics of inhibition of a rat recombinant form of soluble COMT by BIA 3-335 and on the crystal structure, at 2.0-Å resolution, of the enzyme complexed with SAM and BIA 3-335. The three-dimensional structure reveals the interactions at the catalytic site between the enzyme and a large inhibitor.
Materials and Methods
Animals. Naval Medical Research Institute mice (Harlan-Interfauna Ibérica, Barcelona, Spain), 60 days old and weighing 25 to 30 g, were used in all experiments. Mice were kept under controlled environmental conditions (12-h light/dark cycle and room temperature 22 Ϯ 1°C) with food and tap water allowed ad libitum. All animals interventions were performed in accordance with the European Directive number 86/609, and the rules of the National Institutes of Health Guide for the Care and Use of Laboratory Animals (http://oacu.od.nih.gov/regs/guide/guidex.htm).
In Vivo Studies. BIA 3-335 and entacapone were given by gastric tube (30 mg/kg in saline with 10% Tween 80) to mice fasted overnight. Thereafter, at defined intervals (1 and 6 h), animals were anesthetized with sodium pentobarbital (60 mg/kg) and perfused through the left ventricle with 0.9% (w/v) NaCl. Livers and brains were immediately removed and homogenized in 5 mM sodium phosphate buffer, pH 7.8, at 4°C with a Teflon homogenizer (Heidolph, Schwabach, Germany). The homogenates were used for the COMT assay as described below.
Enzyme Preparation. Recombinant rat soluble-COMT was produced in Escherichia coli and was purified to homogeneity as described previously (Bonifá cio et al., 2001; Rodrigues et al., 2001 ). The recombinant S-COMT was quantified with the BioRad standard protein assay (BioRad, Hercules, CA) using a standard curve of bovine serum albumin (50-250 g/ml).
Enzyme Assay. The general procedure for measuring COMT activity was based on the determination of the metanephrine formed by the O-methylation of epinephrine, as described previously (Borges et al., 1997; Bonifá cio et al., 2000) . Enzyme activity was determined in 100 M MgCl 2 , 1 mM EGTA, and 10 mM sodium phosphate buffer, pH 7.2. The concentrations of the enzyme, epinephrine, SAM, and inhibitors varied according to the respective experiment performed. Metanephrine was measured by HPLC with electrochemical detection, as described previously (Borges et al., 1997; Bonifá cio et al., 2000) .
Kinetic Measurements and Reversibility Studies. In experiments designed to evaluate the kinetic parameters K i and K cat , S-COMT (260-1168 nM) was incubated with epinephrine (1000 M), SAM (500 M), and BIA 3-335 (0-750 nM). In these experiments, reactions were initiated by the addition of substrate. The steady state between the enzyme and the inhibitor was evaluated by using 520 nM S-COMT in the absence or in the presence of 300 nM of BIA 3-335 and by starting the reaction with the addition of the enzyme or the substrate (1000 M epinephrine). In the experiments designed to evaluate the inhibitory mechanism, 520 nM S-COMT were incubated with 60 to 3000 nM of BIA 3-335 in the presence of either different epinephrine (100, 500, and 1000 M) or SAM (10, 40, and 100 M) concentrations. In the latter experiments, reactions were started by the addition of the enzyme. The reversibility studies were performed as follows: samples contained 520 nM S-COMT with or without 1000 nM BIA 3-335; after a 20-min preincubation at 37°C, samples were applied onto a PD-10 column (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) after withdrawing 500 l for assessing total inhibition. Eluate containing protein was collected and enzyme activity was determined in the samples collected before and after gel filtration using 2000 M epinephrine. The activity of the vehicle before gel filtration was 270 Ϯ 8/h and after gel filtration was 229 Ϯ 6/h. Data Analysis. K i values were determined by fitting the steadystate rate values obtained for various enzyme and inhibitor concentrations to the equation (Cha, 1975; Williams and Morrison, 1979) 
In this equation, E is the total enzyme concentration in arbitrary units; ⑀ represents the fraction of E that is active, thus the molar equivalency; I is the total inhibitor concentration; K cat is the catalytic number, which gives the number of molecules of substrate transformed into product per catalytic center per unit of time; and K i * is an apparent enzyme-inhibitor dissociation constant value. The true K i can be determined by dividing the K i * by (1 ϩ S/K m ). K m and V max values for COMT activity were calculated from nonlinear regression analysis using Prism version 3.02 (GraphPad Software Inc., San Diego, CA).
IC 50 values were determined by fitting the experimental data to the respective equations using GraphPad Prism. Geometric means are given with 95% confidence intervals and arithmetic means are given with S.E.M. Statistical analysis was performed by one-way analysis of variance followed by Newman-Keuls multiple comparison test.
Crystallization and Data Collection. The purified protein was preincubated with the magnesium ion, the cosubstrate SAM, and the inhibitor BIA 3-335 before the crystallization assays were set. The crystals were obtained using polyethylene glycol 6000 as precipitant. A diffraction data set, measured at room temperature, was collected using in-house equipment. The crystal belongs to space group P3 2 21, with unit cell dimensions of a ϭ b ϭ 51.49 Å and c ϭ 168.29 Å (Rodrigues et al., 2001) .
Structure Determination and Refinement. The COMT structure complexed with SAM and the inhibitor BIA 3-335 was refined with crystallography and NMR systems software (Brunger et al., 1998) using the coordinates of rat COMT (Protein Data Bank entry: 1vid) (Vidgren et al., 1994) as initial model. Before the refinement procedure, 5% of randomly chosen reflections were flagged for R-free calculations. The refinement was initially carried out using rigidbody followed by simulated annealing/slow cooling protocols. All low-resolution data were included in the crystallographic refinement and bulk solvent correction was applied. Refinement started using data up to 3 Å and was gradually extended to ϳ2-Å resolution. The electron density maps were calculated with compressible NavierStokes equations and inspected with the program TURBO (Roussel and Cambilau, 1989) . The initial 2F(obs)-F(calc) and F(obs)-F(calc) calculated Fourier maps showed very well defined density for the cosubstrate SAM and for the nitrocatechol part of the inhibitor BIA 3-335. The density for the rest of the inhibitor gradually appeared after several cycles of model building and energy minimization calculations. The coordinates of the BIA 3-335 structure determined by X-ray analysis were used to fit this compound into the electron density maps. Water molecules were added in the latter stages of refinement and the individual restrained temperature factors were refined. The coordinates of the final refined model/complex COMT-SAM-BIA3-335 have been deposited in the Protein Data Bank with the Protein Data Bank accession code 1H1D.
Crystallization and X-Ray Structure Resolution of BIA 3-335 Molecule. The compound BIA 3-335 was crystallized by the vapor diffusion method using a solvent/precipitant pair of 100% methanol against 80% methanol/20% water. The small molecule structure was determined by direct methods using SHELXS-97 (Sheldrick, 1997) . All nonhydrogen atoms were refined with anisotropic thermal displacement parameters. The hydrogen atoms were placed in calculated positions and refined using either the riding or the rotating group models (Sheldrick, 1997) . The terminal CF 3 group was modeled using a 2-fold disorder scheme (0.63/0.37) and the anion site was found to contain a mixture of Br Ϫ and Cl Ϫ . Because of convergence problems in the refinement, the relative proportions of these ions were determined by trial and error (wR 2 minimization) to be 0.315 and 0.685, respectively.
Reagents. Epinephrine (bitartrate salt), DL-metanephrine, and SAM were purchased from Sigma Chemical Co (St Louis, MO). BIA 3-335 and entacapone were synthesized in the Laboratory of Chemistry (BIAL, Portugal), with purities Ͼ99.5%.
Results
In Vivo COMT Inhibition. Incubation of mouse liver and brain COMT assay mixture in the presence of increasing concentrations of epinephrine resulted in a concentrationdependent formation of metanephrine, with K m (micromolar) and V max (nanomoles per milligram of protein per hour) values of, respectively, 5.1 Ϯ 1.9 and 24.9 Ϯ 2.1 in liver and 1.6 Ϯ 0.4 and 1.2 Ϯ 0.1 in brain. Saturation curves were also performed for the methyl donor, SAM. The kinetic parameters, K m (micromolar) and V max (nanomoles per milligram of protein per hour), obtained for SAM were 15.2 Ϯ 3.1 and 46.2 Ϯ 1.7, respectively, in liver and 2.4 Ϯ 0.3 and 1.2 Ϯ 0.1, respectively, in brain. From these results, saturating concentrations of adrenaline (100 M) and SAM (250 M) were chosen for subsequent studies. The in vivo inhibitory potency of BIA 3-335 and entacapone was evaluated in experiments in which mice were given the COMT inhibitors (30 mg/kg) 1 and 6 h before killing. As shown in Fig. 2 , the inhibitory effect of entacapone upon liver COMT is a time-dependent effect and is markedly attenuated at 6 h. By contrast, the inhibitory effect of BIA 3-335 at 1 h was identical to that observed at 6 h after the administration. Both compounds failed to affect brain COMT activity.
Kinetic Parameters of Recombinant S-COMT. The activity dependence of recombinant rat S-COMT with the en- molpharm.aspetjournals.org zyme concentration and incubation time was determined, and a linear correlation was observed for protein concentrations up to 1.5 M (Fig. 3A) and incubation times up to 15 min (Fig. 3B ). According to these results, 5-min incubation and either 260 or 520 nM S-COMT were the conditions chosen for all the ensuing experiments. The incubation of S-COMT with different concentrations of either epinephrine or SAM resulted in the concentration-dependent formation of metanephrine as shown in Fig. 4 , A and B, respectively. The kinetic parameters derived from these curves were: K m ϭ 578 (95% confidence limit, 471, 684) M, V max ϭ 529 Ϯ 16/h for epinephrine and K m ϭ 30 (22, 37) M, V max ϭ 377 Ϯ 11/h for SAM.
S-COMT Inhibition by BIA 3-335. In the presence of 520 nM S-COMT, increasing concentrations of BIA 3-335 produced concentration-dependent decreases in the O-methylation of epinephrine (Fig. 5) with an IC 50 value of 447 nM. The fact that this compound inhibited COMT activity at concentrations comparable with that of the enzyme suggests that it may behave as a tight-binding inhibitor (Morrison, 1969) . Thus all subsequent kinetic analyses were carried out according to the tight-binding theory (Williams and Morrison, 1979) . The reversibility of the BIA 3-335 interaction with S-COMT was evaluated by gel filtration. As can be observed in Fig. 6 , before gel filtration BIA 3-335 inhibited 67% of S-COMT activity. However, the inhibition was completely reversed after gel filtration. To determine the rate at which equilibrium is obtained between the enzyme and the enzymeinhibitor complex, the formation of metanephrine was measured as a function of time under three different experimental conditions: 1) by starting the reaction with the addition of the substrate to the enzyme in the absence of BIA 3-335; 2) by starting the reaction with the addition of the substrate after a 20-min preincubation of BIA 3-335 with COMT, and 3) by starting the reaction with the addition of the enzyme to the reaction mixture containing the substrate plus BIA 3-335. In the absence of BIA 3-335, product formation increased linearly with time at a rate of 0.296 Ϯ 0.010 nmol/min (Fig. 7) . In the presence of BIA 3-335, product formation also increased linearly with time. However, rates of metanephrine formation obtained with (0.217 Ϯ 0.009 nmol/min) and without preincubation (0.217 Ϯ 0.014 nmol/min) were lower (P Ͻ 0.05) than in the absence of BIA 3-335. Similarity of rates of metanephrine formation obtained with or without preincubation (Fig. 7) , suggest that equilibrium involving inhibitor and substrate was established very rapidly.
Mechanism of Enzyme Inhibition. To determine the type of inhibition produced by BIA 3-335, IC 50 values were determined at increasing concentrations of epinephrine and SAM. An increase in epinephrine concentration resulted in a linear increase in IC 50 values (Fig. 8A) , indicating a competitive type of inhibition toward the substrate. On the other hand, when the concentration SAM was varied, a linear increase in IC 50 values was observed with the inverse of SAM concentration (Fig. 8B) , indicating an uncompetitive inhibition toward the SAM binding site. Steady-state rate values were also obtained for various enzyme and inhibitor concentrations at a fixed substrate concentration. The plot of v against E at various levels of I (Ackermann-Potter plot) was characterized by asymptotic concave-up curves (Fig. 9) , which are diagnostic of tight binding inhibition. This further confirms BIA 3-335 tight-binding nature. The parameters K i * , K cat , and ⑀ were estimated by nonlinear regression and are represented in Table 1 together with the true K i value derived from K i * . Structure Analysis. The final model of COMT complexed with SAM and BIA3-335 was refined to 2-Å resolution using diffraction data from a crystal measured at room tempera- Table 2 . The model of the ternary complex comprises 214 residues, 85 water molecules, the cosubstrate SAM, the inhibitor BIA 3-335, and a Mg 2ϩ ion and was refined to R-factor of 17.4% and free R-factor of 19.8%. To have a better accuracy for the BIA 3-335 molecule, its structure was independently determined by X-ray diffraction data analysis. Relevant parameters of crystal data and structure refinement statistics are presented in Table 3 . The first two N-terminal and the last five C-terminal amino acid residues are not visible in the electron density maps and hence were 2 ). However, the piperazine and the trifluormethylphenyl, although visible, have averaged thermal factors of 45.1 and 55.7 Å 2 , respectively, indicating a zone with higher flexibility, probably because of the absence of H-bonds to the protein residues.
The electron density maps are generally of good quality, except for a few polar side chain residues on the surface. Ninety-one percent of the residues lie in most favored regions and 8.5% in additional allowed regions. Only one residue, Tyr68, falls in a disallowed region. This amino acid is found in a tight loop connecting strand ␤1 and helix ␣A, which is involved in the cosubstrate binding site formation. Interestingly, this residue also shows and values outside the expected range for other methyltransferases (MT) for which the three-dimensional structure is known. In some cases, a smaller residue, such as Ala or Gly, occupies this position.
COMT is a one-domain ␣/␤ protein. It consists of a mixed seven-stranded ␤-sheet flanked by five ␣-helices on one side and three helices on the other side. The strands are arranged in the order 3-2-1-4-5-7-6, where strand 7 is antiparallel to the other. A ribbon representation of the overall fold is presented in Fig. 10 . The submission of the apo-protein coordinates to the DALI server (Holm and Sander, 1993) matched COMT with several SAM-dependent methyltransferases, namely DNA-, RNA-, protein-and small molecule-MT. Despite the very low amino acid sequence identity among MT, between 6 and 14%, they show structural homology [for a recent review on the structural and evolutionary aspects of SAM-MT, see Fauman et al. (1999) ]. The other aligned structures are mostly proteins involved in oxidoreduction processes, such as dehydrogenases and reductases, some of which are NAD(P)-or FAD-dependent. Fig. 7 . Progress curves for the inhibition of S-COMT by BIA 3-335. S-COMT was incubated in the absence and in the presence of 300 nM of BIA 3-335 without preincubation or after a 20-min preincubation at 37°C. Reactions without preincubation were initiated with the enzyme and the others were started with the substrate. Each point represents the average of three independent determinations with S.E.M. Significantly different from the corresponding control values (*P Ͻ 0.05) Binding Mode of BIA 3-335 (Catalytic Site). The crystal structure of COMT in complex with BIA 3-335 shows that the inhibitor binds to the enzyme in a groove at the surface of the enzyme and that large substituents of the inhibitor extend out of the active site cavity toward the solvent, as represented in Fig. 11 . Interestingly, the comparison of the molecular structure of BIA 3-335 determined independently with that of BIA 3-335 complexed with COMT reveals that the inhibitor undergoes a significant conformational change upon binding to the enzyme (Fig. 12) . Although the active site has enough space to accommodate the X-ray structure of the unbound BIA 3-335, as depicted in Fig. 12 , the inhibitor structural rearrangement is probably related to the optimization of interactions with the protein residues.
The nitrocatechol group of BIA 3-335 is the one responsible for "anchoring" the inhibitor to the enzymatic complex. Its coordination is similar to the one observed in the crystal structure obtained by Vidgren et al. (1994) and the two catechol hydroxyl groups are at hydrogen-bonding distances from the carboxylate of Glu199 and the zeta-nitrogen of Lys144. In contrast to the nitrocatechol moiety, the propanone carbon chain and the piperazine and trifluoromethylphenyl groups of BIA 3-335 are not hydrogen-bonded to the protein; rather, they interact mainly through hydrophobic contacts and have a higher thermal motion. A schematic representation of COMT interactions with the cofactor, inhibitor and Mg 2ϩ ion is illustrated in Fig. 13 . There are some important protein residues that can establish hydrophobic contacts with the extended side chain of the inhibitor, such as Trp38, Pro174, and Met201. Met201 is the residue at the active site that has a different conformation in Fig. 9 . Ackermann-Potter plot of S-COMT with BIA 3-335. Several concentrations of enzyme were incubated in the absence and in the presence of increasing concentrations of BIA 3-335 (250, 500, and 750 nM). The enzyme was preincubated with the inhibitor for 20 min and the reaction was started by the addition of 1000 M epinephrine. Results are the mean of two independent experiments each performed in duplicate. COMT/BIA3-335 and COMT/dinitrocatechol (Vidgren et al., 1994) . Of particular relevance is Trp38, which is located edge-to-face with the catechol plane, allowing for an important aromatic hydrophobic contact. In fact, the position of Trp38 may also favor interactions with the extended side chain of the inhibitor, which could contribute to the stabilization of the enzymatic complex. The important role of Trp38 for the high-affinity binding of catechol compounds is further supported by experiments comparing the enzymatic behavior of COMT isolated from rat and human versus pig, which has an arginine residue instead of tryptophan at position 38 (Piedrafita et al., 1990; Perez et al., 1994) , where the pig enzyme binds the substrate and nitrocatechol inhibitors with a much lower affinity (10-to 100-fold lower) than the rat and human enzyme. The Mg 2ϩ is octahedrally coordinated to the side-chain oxygen atoms of residues Asp141, Asp169, Asn170, the two oxygen atoms of the catechol, and a water molecule. This ion plays the important structural role of orienting the hydroxyl groups of catechol and the activated methyl group of SAM into a reactive conformation (Fig. 13) .
SAM Binding Site. The binding site of the methyl donor cofactor is situated within a deeper pocket of the enzyme, as illustrated in Fig. 11 . The COMT residues involved in interactions with SAM are depicted in Fig. 13 and are conserved compared with the COMT-SAM-dinitrocatechol complex (Vidgren et al., 1994) . Loop ␤1-␣A contains the consensus sequence (GAxxG in COMT) associated with SAM binding in MT (Schluckebier et al., 1995) . The acidic residue at position 90 (Glu90 in COMT) is a highly conserved residue within the SAM-dependent MT family. This is the last residue of strand ␤2, and its carboxylate oxygens are H-bonded to SAM ribose hydroxyls. Adenine has favorable van der Waals interactions with Met91, His142, and Trp143, whereas the ribose ring lies near Trp143 (Fig. 13) . The activated sulfur of SAM is only 3.6 Å apart from the sulfur atom of Met40. As a result of the various H-bonds and van der Waals contacts, SAM is in the correct orientation for the methylation to take place and also shows a high affinity to COMT with a dissociation constant of 23 M (Schluckebier et al., 1995) . (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994) . 
Discussion
The interest in COMT as a therapeutic target for Parkinson's disease and the limited beneficial effects observed in parkinsonian patients with tolcapone (liver toxicity) and entacapone (low efficacy) has led to the search and development of other inhibitor molecules that could be clinically useful (Perez et al., 1992; Brevitt and Tan, 1997; Masjost et al., 2000) . BIA 3-335 was recently developed as a potent and selective COMT inhibitor (Learmonth and Soares-da-Silva, 2002) . BIA 3-335 is endowed with a long duration of action and acts mainly as a peripheral COMT inhibitor with limited access to brain. The first property would allow a more appropriate regimen in the therapy patients afflicted with Parkinson's disease, namely by decreasing in a sustained manner the O-methylation of L-DOPA and improving its delivery to the brain, as has been observed with other COMT inhibitors (Parada et al., 2001) . The second property limits the potentiation of brain dopaminergic stimulation, which can be evidenced by the appearance of abnormalities in motor activity and/or psychiatric symptoms (Parada and Soares-da-Silva, 2000a,b) .
In the present work, the interactions of BIA 3-335 with recombinant rat S-COMT were characterized by evaluating the inhibition kinetics and by solving the three-dimensional structure of the complex enzyme-inhibitor-SAM. The results obtained with the recombinant form of rat liver S-COMT showed a Michaelis-Menten behavior for both the catechol (epinephrine) and the methyl donor (SAM) substrates, with kinetic parameters similar to those described in the literature for the native enzyme (Schultz and Nissinen, 1989; Borges et al., 1997; Vieira-Coelho and Soares-da-Silva, 1999) . It is also shown that BIA 3-335 is a potent and reversible COMT inhibitor. This is evidenced by the findings that BIA 3-335 produces marked COMT inhibition at concentrations comparable with that of the enzyme and loses the inhibitory effect after gel filtration through PD-10 columns. The observation that inhibition of COMT by BIA 3-335 occurred at concentrations comparable with that of the enzyme points out to a tight-binding behavior. This is also confirmed by the asymptotic concave-up shapes of the Ackermann-Potter plots (Cha, 1975; Williams and Morrison, 1979) . A reversible tightbinding inhibitor is one that exerts its effect on an enzymecatalyzed reaction at a concentration comparable with that of the enzyme. Therefore, the plot of velocity against enzyme concentration at different inhibitor concentrations (Ackermann-Potter plot) is a useful method for detecting tightbinding inhibition. The plot of the steady-state velocity against the total enzyme concentration at different BIA 3-202 concentrations are asymptotic, concave-up curves and the velocity curve parallels to the control curve at sufficiently high enzyme concentrations, demonstrating the tight-binding nature of the inhibition (Cha, 1975) . From AckermanPotter representations, it is also possible to determine the catalytic number (K cat ) and the molar equivalency (HE) of the enzyme. The K cat is a measure of the efficiency of the enzyme because it gives the number of molecules of substrate converted into product by active site per unit of time. K cat values for the recombinant form of rat liver S-COMT (6.0 Ϯ 1.1/min) determined from the Ackerman-Potter plot, obtained with BIA 3-335, are in agreement with those described for the native form of rat liver S-COMT (4.5 Ϯ 0.4/min) obtained with tolcapone (Vieira-Coelho and Soares-da-Silva, 1999), another tight-binding COMT inhibitor (Borges et al., 1997) . The inhibitory effect of BIA 3-335 was not changed by preincubation times. The product formation (metanephrine) increased as a linear function of time and no differences were observed in metanephrine formation rates with 0 or 20 min preincubation. In addition, linearity of progress curves was observed in the presence of BIA 3-335 (300 nM), when the reaction was initiated with the enzyme, which indicates that the steady-state velocities were reached within the first minute of reaction (1 min was the first time point evaluated). This suggests that under the conditions tested equilibrium between the enzyme and the inhibitor was rapidly estab- lished. BIA 3-335 displayed a competitive type of inhibition to the substrate binding site and an uncompetitive type of inhibition to the SAM binding site with a K i value of 6.0 Ϯ 1.6 nM. It has also been shown that other nitrocatechol derivatives endowed with marked inhibitory activity against COMT, such as tolcapone, [2-(3,4-dihydroxy-2-nitrophenyl-)vinyl]phenylketone, and entacapone display the same type of inhibition mechanism (Schultz and Nissinen, 1989; Perez et al., 1994; Borges et al., 1997; Vieira-Coelho and Soaresda-Silva, 1999) . This is probably related to the fact that the SAM binding site is deep in the COMT structure, whereas the substrate binding site is located on the surface of the enzyme and is easily accessible.
The overall structure of COMT complexed with SAM and BIA 3-335 (Fig. 10 ) is identical to that observed for this enzyme in complex with SAM and inhibitor 3,5-dinitrocatechol (Vidgren et al., 1994) The root-mean-square deviation is 0.16 Å for main chain atoms and 0.45 Å for all protein atoms. The residues of the protein involved in the interactions with the cosubstrate SAM, the nitrocatechol group of the inhibitor, and Mg 2ϩ ion are the same as in the structure reported previously. BIA 3-335 binds into the catalytic site, which is in agreement with the results obtained in the functional studies. Based on the crystal structure, it seems that substituents have sufficient space to accommodate within the protein structure, either with side-chain substitution at C1 position, as in the case of BIA 3-335 and also tolcapone and entacapone or at C6, as in 2-[(3,4-dihydroxy-2-nitrophenyl-)vinyl]phenylketone (Vidgren and Ovaska, 1997) . The C2 position of the catechol ring is hindered by steric constraints by the proline side chain, which is only ϳ4 Å apart. Two hydroxyl groups and one nitro group occupy the other carbon positions. The presence of Mg 2ϩ is required for the catalysis to occur. On one hand, it has a structural role, organizing the active site and bringing together the SAM and the catechol substrate. On the other hand, the Mg 2ϩ ion has also a functional role, to facilitate the deprotonation of the catechol hydroxyl and lower the pKa of Lys144, where its side-chain NH 2 is proposed to act as the catalytic base to abstract the proton from the hydroxyl group of catechol (Zheng and Bruice, 1997) . Lysine is suggested to play a similar role in other enzymes, such as serine peptidase and aspartate aminotransferase (Toney and Kirsch, 1989) . The deprotonated hydroxyl ion would then react with the activated methyl group of SAM, forming methylcatechol and S-adenosylhomocysteine. However, inhibitors with a nitrocatechol structure, such as BIA 3-335, are generally very poor substrates, even though they bind well to the active site. This is because of the electronegative nitro group that strongly stabilizes the ionized catechol-COMT complex, thus increasing the activation energy of the methylation step (Vidgren and Ovaska, 1997; Ovaska and Yliniemelä , 1998) . The structure of COMT with another inhibitor, OR-1840, has been mentioned in the literature (Vidgren et al., 1999) , but because its coordinates are not deposited at the Protein Data Bank, their structural comparison is not possible. More recently, rat soluble COMT complexed with a bisubstrate nitrocatechol inhibitor was described (Lerner et al., 2001) , the analysis of which suggests that both the protein and the inhibitor show a structural arrangement similar to that described here. The structure now presented is the first showing the interactions of a larger molecule within the active site. Whereas the noncatechol moiety of the bisubstrate inhibitor extends toward the SAM binding site, the BIA 3-335 side chain extends into the opposite direction. In fact, the BIA 3-335 side chain lays within a long groove, where interaction with hydrophobic residues are prevalent. The analysis of the present structure is expected to provide useful guidelines for the design of better inhibitors. For instance, the presence of hydrogen-bonding sites at the surface of the protein may help stabilizing long inhibitor side chains and compensate for the loss of entropy upon binding.
